We compared the proteomes of two picoplanktonic Ostreococcus unicellular green algal ecotypes to analyze the genetic basis of their adaptation with their ecological niches. We first investigated the function of the species-specific genes using Gene Ontology databases and similarity searches. Although most species-specific genes had no known function, we identified several species-specific functions involved in various cellular processes, which could be critical for environmental adaptations. Additionally, we investigated the rate of evolution of orthologous genes and its distribution across chromosomes. We show that faster evolving genes encode significantly more membrane or excreted proteins, consistent with the notion that selection acts on cell surface modifications that is driven by selection for resistance to viruses and grazers, keystone actors of phytoplankton evolution. The relationship between GC content and chromosome length also suggests that both strains have experienced recombination since their divergence and that lack of recombination on the two outlier chromosomes could explain part of their peculiar genomic features, including higher rates of evolution.
Introduction
Unicellular photosynthetic organisms are responsible for most of the primary biomass production in oceans. Their diversity is amazingly high, including organisms belonging to most lineages of the tree of life. For practical reasons, they are referred to by their size, from microplankton (10-100 lm) to picoplankton species (below 2-3 lm). Picoplankton is constituted both by prokaryotic and eukaryotic cells, which can be either heterotroph or autotroph. Although picoeukaryotes are a minor component of picoplankton in terms of cell number, the photosynthetic species of these organisms are known to play a significant role in primary productivity in oligotrophic areas, where they represent up to 80% of the autotrophic biomass (Li 1994) . They may account for 75% of net carbon assimilation in some coastal areas (Worden et al. 2004) . Although some work on picoeukaryotes has been done, the knowledge about its diversity remains far behind our understanding of prokaryotic diversity (Moreira and Lopez-Garcia 2002; Vaulot et al. 2002; Guillou et al. 2004; Piganeau et al. 2008) . Some quantitative studies based on in situ hybridization experiments show that among these groups, Prasinophytes apparently dominate picoeukaryotes in different oceanic areas .
Prasinophytes are primary endosymbionts that probably diverged very early from the ancestor of all chloroplastcontaining green plants and algae. Discovered in 1994 (Courties et al. 1994) , Ostreococcus is the smallest (diameter 0.9-1.0 lm) such free-living eukaryotic organism described to date. It has a minimal cellular organization (one chloroplast and one mitochondrion), a small genome (between 12 and 15 Mb) (Derelle et al. 2002) and is widespread, having been found in coastal and oligotrophic North Atlantic waters, in the Mediterranean, Indian, and Pacific Oceans (Worden et al. 2004; Zhu et al. 2005; Countway and Caron 2006; Piganeau and Moreau 2007) .
Different Ostreococcus ecotypes from surface or deeper layers of waters provide evidence of niche adaptation (Rodriguez et al. 2005) , similar to the ecotypic differentiation and consequent adaptative success illustrated by Prochlorococcus, the most abundant marine prokaryotic picophytoplankter (Moore et al. 1998) . Ostreococcus tauri and Ostreococcus lucimarinus are two surface strains, O. lucimarinus being a high-light-adapted species found in the Pacific ocean and O. tauri being a high-light-adapted and low-light-adapted species found in the Mediterranean lagoons.
The recent availability of two complete Ostreococcus genome sequences (Derelle et al. 2006; Palenik et al. 2007 ) of these two species opens new approaches for finding biological functions that may be important for niche adaptation.
The comparison of the genomes of these two ecotypes already provided insight about how they achieve such a small cell size and unraveled multiple mechanisms implied in the divergence of these two species (Palenik et al. 2007 ). Strikingly, two chromosomes in both species show both lower levels of between-strain synteny and different base composition and gene densities to the other chromosomes. Furthermore, most genes on these chromosomes are species specific, and some of them are good candidates for recent horizontal gene transfer from bacteria into Ostreococcus (Palenik et al. 2007 ). These chromosomes could therefore be involved in speciation by maintaining the strains in genetic isolation from their relatives (Palenik et al. 2007) .
In this study, we analyzed the features of the speciesspecific genes in both strains and the mode and tempo of evolution of their orthologous genes to investigate further the genetic basis of the adaptation of these two ecotypes to their ecological niches. from 43°24#N 3°36#E (Chretiennot-Dinet et al. 1995 (Ashburner et al. 2000; Gene Ontology Consortium 2001) , KOG (Tatusov et al. 2003) , and KEGG (Kanehisa et al. 2006 ) databases were used to find species-specific functions. We screened automatically each database for accession numbers present in only one of the two strains. We then checked that each identified species-specific function did not arise from annotation errors by searching for homologs of the genes corresponding to that function in the genome of the other species with tblastn (Altschul et al. 1990 ). We used a very stringent criterion for our search for speciesspecific functionbecause we dismissed all orthologous genes. Given the average divergence between orthologs of the two species (70.5%), some orthologous genes may have evolved into different functions. Alternatively, this criterion may also lead to some false-positive species-specific functions, because cases of nonhomologous genes sharing the same function, as a consequence of convergent evolution, are also known. However, given the high percentage of orthologous genes between the two genomes (79-82%), we think that convergent evolution in species-specific genes is an unlikely scenario.
Species-Specific Genes, Orthologs, and Duplications
To assess distribution of orthologous genes between chromosomes, we corrected the total number of genes per chromosome by the number of genes present in two identical copies due to recent segmental duplication on chromosomes 14, 18, and 21 in O. lucimarinus (247 genes). We also corrected the total number of genes per chromosome by removing 20 exact duplications scattered on nine chromosomes in O. tauri. We used these corrected gene numbers to estimate the percentage of specific genes and the repartition of orthologs between chromosomes, that is, we did not consider the products of species-specific duplication as species-specific genes. We considered that a gene had a nearly exact duplicate in a genome when the average nucleotide identity between the two genes was over 97% for 98% of their length. When a chromosome contained massive nearly exact duplicates from another chromosome, we removed the genes on the smaller chromosome (e.g., chromosome 21 for Ol). Otherwise, we randomly excluded one of the two copies.
Genes on chromosome 2 presenting a heterogeneous structure regarding GC content and intron structure in both strains were split into low GC and high GC regions-O. tauri: Chr2A (low GC) and Chr2B (high GC) and O. lucimarinus: Chr2a (high GC), Chr2b (low GC), and Chr2c (high GC).
Estimation of Substitution Rates
We assessed orthologous pairs of genes by using reciprocal blastp hits (RBH) with an e value threshold of 0.01 between the predicted protein sequences of each strain. This is a more stringent criterion than previously used (Palenik et al. 2007 ) and we thus retrieved 6,270 pairs of orthologs. Each pair was aligned with ClustalW 1.7 (Thompson et al. 1994 ) with default parameters. The average amino acid identity between orthologs is 70.5%. Pairwise estimates of the synonymous (dS) and nonsynonymous (dN) substitution rates were obtained from PAML 3.15 (Yang 1997) (runmode À2) with default parameters and with the codon frequency model F3Â4 that assumes that the equilibrium codon frequencies are calculated from the average nucleotide frequencies at the three codon positions. We performed additional PAML analysis (Yang 2006 ) using the likelihood ratio test to discriminate between a model considering one dN/dS ratio, M0, and a model considering three types of sites: neutrally evolving, under positive selection, and under purifying selection M2. The dN/dS ratio estimates under the M0 and M2 models were highly correlated, and we thus used dN/dS estimated with the simplest model of protein evolution M0. To reduce estimation biases, the dN/dS ratio was calculated for sequences longer than 300 bp, and only sequences with values of dS , 2 and/or dN , 5 were kept for the analysis, leading to a further reduction of the data set to 1,305 orthologs.
Peptide Signal, Transmembrane Region Prediction, and Protein Localization
We used the Neural Network (Bendtsen et al. 2004) of SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) (Nielsen et al. 1997; Bendtsen et al. 2004 ) and TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/) (Sonnhammer et al. 1998; Krogh et al. 2001 ) to identify putative excreted proteins and membrane proteins.
Wolf PSORT 0.2 (http://wolfpsort.seq.cbrc.jp/) (Nakai and Horton 1999) was used to predict protein subcellular localization. We considered that the localization was correctly inferred when the first localization's score was equal or superior to seven and the second localization, if present, was at least inferior to half the first score.
Statistical Analysis
We used the linear regression model to test the relationships between GC content, chromosome length, and substitution rates. Because the substitution rates (dN, dS, and dN/dS) are not normally distributed, we used nonparametric analysis of variance to check substitution rate heterogeneity between chromosomes.
All the statistical analysis was performed with R software (http://www.R-project.org).
Results

Identification of Species-Specific Genes and Functions
We identified 6,270 pairs of orthologs (reciprocal best hit, RBH) between the two Ostreococcus genomes. After removing duplicated genes among nonorthologs, we found 1,340 (17% of total genes) and 1,134 (15% of total genes) 2294 Jancek et al. specific genes in O. tauri (Ot) and O. lucimarinus (Ol), respectively (table 1) .
Comparisons with the total percent of genes assigned in the KOG database for seven other sequenced organisms (Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, Arabidopsis thaliana, Cyanidioschyzon merolae, and Thalassiosira pseudonana) revealed that the coverage of assigned functions for O. tauri and O. lucimarinus is among the highest, with 61% and 66%, respectively, a little less than in the yeast S. cerevisiae (69%). The percentage of genes assigned in the classes ''unknown functions'' and ''uncharacterized functions'' is also lower in O. tauri and O. lucimarinus, with 13% and 15%, respectively, than in the red algae C. merolae (17%) and the diatom T. pseudonana (19%) (Armbrust et al. 2004) . A fraction of these species-specific genes could be indexed in KOG, KEGG, or GO databases, ranging from 32% to 13% using the KOG database to less than 3% for O. lucimarinus and to 2% for O. tauri genes using the GO database (table 1) . When functional classes represented by at least five functions in the largest database (KOG) are taken into account, cell functions concerned by these species-specific genes in O. lucimarinus were mainly found in extracellular structure (33%), secondary metabolites biosynthesis (13%), carbohydrate metabolism (10%), and defense mechanisms (9%). For O. tauri, cell functions of species-specific genes were found in secondary metabolites biosynthesis (12%), defense mechanisms (10%), amino acid transport and metabolism (7%), carbohydrate metabolism (7%), and cell wall biogenesis (7%) (supplementary tables A1 and A2, Supplementary Material online). Some functions were specific to one strain because the reciprocal function in the other strain was missing in the database, despite the presence of well-conserved orthologs for the genes concerned. In such cases, the function was not considered as species specific. We estimated that this kind of mistake occurs for 3% of all assigned functions of the KOG database.
However, most of these species-specific genes have unknown functions (87% [Ot] to 68% [Ol] and 77% [Ot] to 58% [Ol] have no hit against GenBank [table 1]) so that we have no clue about their role in the adaptation process of these two species. This is much higher than the percentage of no hits observed for the total number of genes in both strains (about 8% in both strains) (Derelle et al. 2006; Palenik et al. 2007 ) and merely reflects that most unknown genes are species specific. This high percentage of unknown genes might arise because of the absence of complete genomes of close relatives of Ostreococcus in GenBank or a higher rate of evolution of the species-specific genes. Species-specific genes also contain fewer green lineage-specific genes. Indeed, the global annotation of both genomes showed that around 40% of the genes had a green lineage origin (Viridiplantae), whereas only 20% of O. lucimarinus and 8% of O. taurispecific genes gave a significant Blast score with Viridiplantae genes, a similar percentage to that seen with genes of bacterial or metazoan origin ( fig. 1) .
A potentially important cell pathway for the adaptation of phytoplankton to environment is the iron metabolism (Strzepek and Harrison 2004) . Interestingly, we confirmed and extended the specificity of iron uptake in O. tauri in this analysis. Indeed, we confirmed the presence of a multicopper oxidase in O. tauri already described in the original genome comparison study (Palenik et al. 2007 ) and also found two ferric reductase genes not previously described in O. tauri, which are absent in O. lucimarinus. No expressed sequence tags (ESTs) have been obtained for the multicopper oxidase, whereas an EST is present for at least one of the two O. tauri-specific ferric reductases. These genes are known to be involved in the iron uptake in diatoms and Chlamydomonas, usually in combination with iron transporters. No clear iron transporter could be identified in either of the Ostreococcus strains, although some genes showed a loose similarity.
Analysis of Substitution Rates
The two Ostreococcus are very divergent, with 70% average amino acid identity between orthologs, making them the most divergent species within the same genus among sequenced eukaryotes (Palenik et al. 2007) . Because the synonymous substitution rate is saturated in 79% of the orthologs, we restricted our analysis to the remaining 1,305 genes, where average dN/dS ratio was 0.07, consistent with the notion that purifying selection acts on most nonsynonymous mutations in these organisms ( fig. 2) .
The distribution of orthologs is not homogenous between chromosomes ( ). When chromosomes containing extremely low proportions of orthologs and presenting an unusual structure are excluded (outlier chromosomes Ch18 and Ch2b for O. lucimarinus; Ch19 and Chr2A for O. tauri), the distribution of orthologs per chromosome remains significantly different (chi-square, Ot: P value 5 0.021; Ol: P value 5 0.0003). Consistent with this trend, the rate of nonsynonymous substitution, dN, is significantly different between chromosomes (Kruskal-Wallis, Ot: 47.2, df 5 20, P value 5 0.0005, n 5 6,217; Ol: 48.7, df 5 22, P value 5 0.0009, n 5 6,242). Faster evolving genes also show a heterogeneous distribution, and most of them are 
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There is still a significant difference between chromosomes when these two fast-evolving chromosomes are excluded from the analysis (Kruskal-Wallis, P value , 0.05 for both Ot and Ol). Although no significant difference in dS between chromosomes could be observed (reducing the number of genes to dS , 2; Kruskal-Wallis, P value . 0.4 for both Ot, n 5 1,314, and Ol, n 5 1,315), a marginally significant difference in the dN/dS ratio was found in O. lucimarinus (P value 50.055), where chromosomes 18 and 02b have a higher dN/dS ratio. The percentage of species-specific genes does not correlate with the average rate of protein evolution per chromosome if the outlier chromosomes are excluded. However, the greater abundance of species-specific genes on these outlier chromosomes could be seen either as a consequence of faster sequence evolution on these chromosomes due to a higher mutation rate and/or as relaxed functional constraints.
Because faster evolving proteins are likely candidates for adaptation (Yang and Bielawski 2000) , we investigated the function of 50 fastest evolving genes, as measured by dN/dS. In all, 50% of the fastest evolving genes had no hit against GenBank and 26% of them had unknown functions. In contrast, the 50 most highly constrained genes had less than 6% genes with unknown function and no ''no hit'' (table 4). Most of these genes are housekeeping genes involved in basal metabolism or in chromatin structure and genome dynamics. In contrast, no clear cell pathway could be identified among the fastest evolving genes having a significant hit, except for certain genes involved in metal metabolism, such as a metal ion binding or a zinc ribbon protein and two urease accessory proteins (table 3). These two urease accessory proteins act as urease-specific chaperones by incorporating Nickel into the urease protein and are required for assembling an active urease (Sirko and Brodzik 2000) . These urease accessory proteins interact sterically to form a stable complex (Witte et al. 2005) , consistent with their concomitantly high dN/dS ratio.
TMHMM and other softwares (see Methods) predicted that 14% (7/50) of faster evolving proteins have one or several transmembrane domains that are either membrane localized or excreted proteins (table 3) . This is significantly more than the 2% of transmembrane proteins observed in slow evolving proteins (Fisher's exact test, P value 5 0.03) (table 4). Thus, proteins predicted to have a transmembrane domain evolve faster than other proteins ( fig. 2 ) (Kruskal-Wallis, df 5 2, P value 5 0.00002 for dN and P value 5 0.0007 for dN/dS), what is consistent with recent findings in yeast (Julenius and Pedersen 2006) . TMHMM searches of species-specific genes predicted that 7% (Ot) and 11% (Ol) of specific genes have one or several transmembrane helices. This is significantly less than that found for the orthologs, with around 14% in both strains (Fisher's exact test, Ot: P value 5 10 À14 ; Ol: P value 5 0.001). However, specific genes are on average 150 bp shorter than orthologous genes (Student's t-test P , 10 À5 ), and the fraction of proteins with predicted transmembrane domains increases with gene length. To correct for this bias, we split the data into gene length classes: specific genes show a lower proportion of transmembrane proteins for genes shorter than 1,200 bp and a higher proportion of transmembrane proteins for genes longer than 1,200 bp, but none of the differences between speciesspecific and orthologous genes were significant (Fisher's exact test, Ot: short genes, P value 5 0.91, long genes, P value 5 0.75; Ol: short genes, P value 5 0.67, long genes, P value 5 0.12).
We then used the PSORT software to determine subcellular localization in faster evolving and highly constrained genes. Interestingly, 35% of fast-evolving proteins are potentially targeted to the chloroplast, in contrast to the most highly constrained genes, of which only 5% are targeted to this organelle. The main sublocalizations of constrained proteins are the cytoplasm (39%) and the nucleus (20%) and are consistent with the main functions found among these genes.
Base Composition Variation as a Function of Chromosome Length
In many species including mice, rats, and humans, recombination rates vary between chromosomes, and there is a strong negative relationship between chromosome size and chromosome recombination rate: large chromosomes (5) NOTE.-n.s., not significant; chlo, chloroplast; nucl, nucleus; cyto, cytoplasm; plas, plasmic membrane; mito, mitochondria; and extr, extracellular. a Peptide signal predicted with SignalP. b Average (minimum-maximum).
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have low recombination rates and short chromosomes have high recombination rates (Jensen-Seaman et al. 2004 ). This is explained by the requirement for meiosis of at least one chiasma per chromosome and results in a higher chiasmata density and a longer map length per kilobase on shorter chromosomes. Evidence suggests that GC-biased mismatch repair exists in numerous organisms spanning six kingdoms (Birdsell 2002) . A significant positive correlation between recombination and GC content is found in many of these organisms (Meunier and Duret 2004) , suggesting that the processes influencing the evolution of GC content may be a general phenomenon. Nonrecombining regions of the genome and nonrecombining genomes would not be subject to this type of molecular drive (Birdsell 2002) . Consistent with this scenario, GC content is negatively correlated with chromosome length in the yeast S. cerevisiae (Bradnam et al. 1999 ). We observed a strong negative relationship between crude Chromosomal GC content and chromosome length in both genomes of Ostreococcus, when the outlier chromosomes are excluded ( fig. 3 , Ot: R 2 5 0.64; Ol: R 2 5 0.54). This result suggests that Ostreococcus species have experienced recombination since their divergence.
Discussion
Most marine picoeukaryotes are not yet cultivable in the laboratory (Moreira and Lopez-Garcia 2002) so that in silico approaches applied to whole or partial genome data (e.g., extracted from large scale metagenomes) provide the only clues about the lifestyle and evolution of these microorganisms. We investigated species-specific gene content and molecular rate of evolution by comparing two Ostreococcus ecotypes to unravel the genetic basis of their adaptation. Because the divergence between these two strains is very high, greater than that seen in the Saccharomyces sensu stricto genus (Liti and Louis 2005) , many species-specific genes were identified. Despite a high proportion of speciesspecific genes with unknown functions, over 20% of these genes could be indexed in ontology databases. Functional analysis of these species-specific genes reveals various cellular functions, although it remains difficult to establish links between these specific functions and adaptation of the two Ostreococcus strains to their environment. Among these specific functions, the presence of iron metabolism genes found only in O. tauri (also see Palenik et al. 2007 ) potentially reflects a specific adaptation of this strain to the Thau lagoon where it was isolated. Indeed, this lagoon has higher overall nutrient concentration than the open sea (Pacific coast). Although the iron concentrations present in these locations are unknown, this could reflect a major metabolic difference between these two Ostreococcus strains, which show clear differences in their culture properties. These data justify a complete comparative physiological study of the iron metabolism of these two species.
Our observations thus highlight the importance of nutrient availability and interactions with viruses and grazers as major evolutionary forces in the evolution of phytoplanktonic species.
The high divergence observed between the two Ostreococcus genomes involved saturation at synonymous sites (dS . 2) for 79% of the 6,270 orthologs. As a consequence, the power of the dN/dS ratio test is too weak to detect positive Darwinian selection on amino acid composition from this genome comparison. However, the analysis of molecular evolution rates gave us insights into the genome dynamics of these species. First, we showed that the two outlier chromosomes, having 1) different base compositions, 2) most of the transposable elements, and 3) fewer orthologous genes, also have faster evolving genes. Thus, an increased mutation rate and/or a relaxed constraint on amino acid composition on these chromosomes could explain their high proportion of species-specific genes, without invoking massive horizontal gene transfer, as suggested previously (Palenik et al. 2007 ). Second, we showed that faster evolving genes contain more transmembrane proteins, as seen in yeast (Julenius and Pedersen 2006) . This increased proportion of transmembrane proteins in faster evolving genes is likely to be the consequence of positive selection (extracellular proteins may interact with the environment and are thus potential targets for infecting pathogens). However, we cannot exclude the role of relaxed selection constraints on extracellular proteins (as a consequence of their fewer interactions with other proteins, for example).
Another striking observation of this genome analysis is the negative relationship between GC content and chromosome length. Because recombination rate decreases with chromosome length (Jensen-Seaman et al. 2004) and that GC content increases with recombination rate (Meunier and Duret 2004) , probably via the process of biased gene conversion (Birdsell 2002) , this suggests indirect evidence for recombination over a large evolutionary timescale in Ostreococcus. There is no experimental evidence yet that these haploid organisms are capable of sexual reproduction, but analysis of gene content suggests that some core meiotic genes are indeed present (Ramesh et al. 2005; Derelle et al. 2006) . It has also been suggested that chromosome 2 is a sex chromosome (Derelle et al. 2006) . Lower GC content and faster rates of evolution are two observations consistent with lack of recombination, as in the nonrecombining regions of the Y or W chromosomes, but these arguments are still too weak to provide definitive proof for sexual reproduction in Ostreococcus. Further, experimental analysis is required to assess whether meiosis is possible in these organisms.
Supplementary Material
Supplementary tables A1-A4 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
